The 
Introduction
The application of soluble gold complexes as catalysts for organic transformations has been widely explored for the last ten years. [1] Spite of the numerous published gold(III)-catalysed processes, the diverse range of transformations developed by gold(I) complexes have demonstrated particular interest as catalysts. Gold(I) complexes catalyze reactions under very mild conditions giving, wide functional group compatibility and high efficiency. They act as soft carbophilic Lewis acids towards C-C multiple bonds. This high carbophilicity translates to a relative low oxophilic character of the gold(I) cation. However, recent advances in synthetic catalytic organic transformations have demonstrated that the weak heteroatom-gold(I) interaction is appropriate for the reaction succeed. [1] Its size, together with the already mentioned chemoselectivity and functional group compatibility are crucial features for application in complex crowded molecular structures. There are many processes which are sensitive to steric hindrance, the 1,3-dipolar cycloaddition (1,3-DC) [2] being one of them. The enantioselective version of 1,3-DC of stabilized azomethine ylides [3] employing substoichiometric amounts [ 4 ] of catalysts has been studied extensively since 2002 [ 5 ] . Silver(I) [ 6 ] and copper(I) [ 7 ] catalyzed 1,3-dipolar cycloadditions offer excellent complementary results in terms of endo/exo-diastereoselection and are the most frequently employed metals nowadays.
This work, focused on the activity and efficiency of Binapsilver(I) salts complexes, can be considered as a evolution from the first attempt for the enantioselective 1,3-DC of azomethine ylides with dimethyl maleate described in 2002 by Zhang et al. using 3 mol % of (S a )-Binap and AgOAc and Et 3 N as base with very poor results. [5] Our research group has found out that the very stable and recoverable (S a )-or (R a )-Binap-AgClO 4 complexes are able to catalyze the enantioselective 1,3-DC of azomethine ylides with maleimides.
[8] Using a less coordinating anion such as AgSbF 6 , instead of AgClO 4 , it was possible to achieve better results for bulky substrates and even with 1,3-bis(phenylsulfonyl)ethylene as a dipolarophile.
[6e]
Toste et al. published the first enantioselective 1,3-dipolar cycloaddition between mesoionic azomethine ylides (münchnones) with electron-poor alkenes catalyzed by Cy-Segphos(AuCl) 2 . The reaction afforded in all cases only the exo-adduct in high yields and very good enantioselections.
[9] However, the classical 1,3-dipolar cycloaddition of iminoesters and electrophilic olefins was not described using gold complexes. In this article, we present the general scope of this transformation using Binap-gold(I) complexes and a comparison with the analogous reactions performed with chiral Binap-silver(I) salts. [10] [11
Results and Discussion
The gold(I) cation has only two coordination sites and its linear geometry makes asymmetric catalysis extremely difficult. Fortunately, a key to the development of enantioselecive gold(I)-catalyzed transformations has been the identification of enantiomerically pure bis(gold)-chiral diphosphine complexes of the form [(AuX) 2 (P-P)*] as catalysts for enantioselective transformations.
[1] A clear and recent example of the isolation, identification, and characterization of two chiral Binap-gold(I) complexes 1 and 2, bearing trifluoroacetate as counteranion, have been reported by Puddephatt et al. [ 12 ] These complexes were prepared by mixing (Me 2 S)AuCl and the corresponding amount of the chiral Binap ligand. The resulting gold(I) chloride complexes were treated with different silver salts for 1 h in toluene and the suspension was filtered through a celite plug. The remaining solution was evaporated obtaining 1 or 2 in 89 and 96% yields, respectively. These cationic complexes were immediately employed without any other purification in the catalytic enantioselective 1,3-DC of the imino ester 3a and N-methylmaleimide 4 (NMM) in toluene at rt (Scheme 1 and Table 1 ).
According to our experience, the model reaction between the imino ester (1,3-dipole precursor) 3a and N-methylmaleimide (NMM) 4a, in toluene at rt (Scheme 1 and Table 1), was selected for the initial optimization of the gold(I) catalytic efficiency. When this cycloaddition was performed in the presence of 10 mol% of diisopropylethylamine (DIPEA) and 10 mol% of complexes (BinapAuX) 2 1 (X = Cl or TFA), product endo-5aa was obtained with high conversion but in racemic form (Table 1 , entries 1 and 2). These two examples demonstrated that the chiral environment of the bisgold(I) complexes type 1 hardly participated in the enantiodiscriminating step. However, dimeric complexes type (BinapAuX) 2 2 resulted to be the appropriate catalysts. Thus, in the case of the chiral complex 2 (X = OAc) product endo-5aa was obtained with high conversion and 60% ee in the presence of DIPEA (Table 1 , entry 3). Interestingly, in the absence of base a 70% ee was obtained working the complex as a bifunctional catalyst (Table 1 , entries 3 and 4). Better results were achieved when using complex 2 (X = OBz) in the presence of DIEA or in the absence of added base affording cycloadduct endo-5aa in 74% and 94% ee, respectively (Table 1 , entries 5 and 6). Although product endo-5aa was obtained in higher 94% ee in the absence of DIPEA, it was contaminated with secondary byproducts. The same inconvenience was detected when triethylamine was used as base in this cycloaddition reaction. When the gold(I) trifluoroacetate complex 2 (X = TFA) was used as catalyst, 74% ee of compound endo-5aa was obtained in the presence of DIPEA (Table 1, entry 7) , whereas without base, 99% ee was obtained (Table 1 , entry 8). This last reaction was performed introducing a previously synthesized (isolated and recrystallized) complex 2 (X = TFA) [12] obtaining identical results (Table 1 , entry 9). The enantiomeric form of cycloadduct endo-5aa was generated in 99% ee by the employment of the corresponding (R,R)-dimeric complex 2 (X = TFA) ( Table 1 , entry 10). Attempts to reduce the catalyst loading to a 5 mol% werenot successful such as reveals the lower 60% ee obtained (Table 1 , entry 11). At this point, an identical result was obtained independently of using the chiral complex 2 (X = TFA) ( Table 1 , entry 8) and the chiral complex (S a )-Binap-AgTFA 6 in the absence of base (Table 1 , entry 12). In every example the major cycloadduct obtained was the endo (>98:2 dr) according to the NMR experiments of the crude products. Analogously, the absolute configuration was confirmed by comparison of their retention times using analytical chiral HPLC columns, and especific optical rotations with those described for enantiomerically pure samples.
Scheme 1. Optimization of the 1,3-dipolar cycloaddition of 3a and 4a. [a] Base (10 mol%) Conv (%) [b] ee (%) 
2-TFA
The insertion of a substituent at the α-position of the 1,3-dipole precursor was next evaluated. Thus, when methyl benzylidenephenylalaninate 7a was allowed to react with NMM under the standard reaction conditions, the reaction performed with the gold(I) complex needed 24 h more than the corresponding reaction using the analogous silver(I) complex for achieving almost total conversions (Scheme 3). The enantioselection showed by [(S a )-Binap-AuTFA] 2 complex (99% ee) was higher than in the case of using (S a )-BinapAgTFA (65% ee) as a catalyst. Product 8aa was obtained as endo-diastereoisomer (>98:2, determined by 1 H NMR spectroscopy). According to the published results, obtained from chiral Binapsilver(I) complexes, [8] we also tested the efficiency of the Binapgold(I) trifluoroacetate complexes in the enantioselective cycloaddition of azomethine ylides and trans-1,2-bis(phenylsulfonyl)ethylene 9, a synthetic equivalent of acetylene (Scheme 4 and Table 3 ). The reaction, performed with 5 mol % of the gold(I) 2 (X = TFA) catalyst, afforded cycloadducts 10 in a non predictable enantioselectivities in the absence or in the presence of DIPEA (10 mol%) as base. In the case of product 10a, a lower enantiomeric excess was obtained when (S a )-Binap-AgTFA 6 was used as catalyst and better results were obtained in the absence of base (Table 3 , compare entries 1 and 2). Compound endo-10b was obtained in better enantiomeric excesses in the absence of base (compare in Table 3 , entries 3 and 4). The rest of the examples gave the best enantioselections in the absence of base (compare entries 5 and 6, 7 and 8, 9 and 10). Again, the p-chloro substituted iminoester gave very poor ee (Table 3, entries 11 and 12) .
The absolute configuration of the endo-cycloadducts was assigned according to the retention times using analytical chiral HPLC columns, and by comparison of the physical properties of the isolated samples with the properties published in the literature for the analogous compounds. Searching for another appropriate dipolarophiles for this enantioselective catalyzed 1,3-DC of azomethine ylides, chalcone and β-nitrostyrene were used. As well as occurred in the 1,3-DC catalyzed by chiral phosphoramidites and silver perchlorate, chalcones reacted efficently affording exclusively very clean endocycloadducts 14 after 24 h, at room temperature and in the presence of Et 3 N (10 ml%) as base, rather than DIPEA, independently of the selected metal. The most important difference consisted of the enantioselection achieved. Whilst chiral dimeric gold catalyst furnished very high ee of 15, silver complex gave always lower enantiodiscriminations (Scheme 5a, and Table 4 , entries 1-3). The reaction between iminoester 3a and β-nitrostyrene afforded very complex mixtures of unidentified compounds when chiral silver complexes were employed. However, very clean crude reaction products were obtained when dimeric [(S)-Binap-AuTFA] 2 was used. The diastereoselectivity was not so high than in precedent cycloadditions, obtaining in these examples 20:80 endo:exo mixtures of 16a, spite of runnig the reaction at _ 20 ºC. Cycloadduct exo-16a was obtained in 70% or 60% ee whether the reaction was performed at 25 ºC or _ 20 ºC, respectively (Scheme 5b, and Table 4 , entries 4 and 5). The lowering of the temperature in the reactions involving chalcone or β-nitrostyrene afforded incomplete crude reaction mixtures after 48 h, furnishing a lower enantioselectivity in products 15 or 16a, respectively. When conjugated esters were used as dipolarophiles, such as methyl or tert-butyl acrylate, dimethyl maleate, and diisopropyl fumarate, were allowed to react with inimoester 3a, under the optimized reaction conditions, high yields of the corresponding endo-cycloadducts were obtained but with very low enantioselections.
The interest for identifying the catalytic species structure several analyses were carried out. The 31 P NMR analysis of [(S a )-BinapAuTFA] 2 complex 2 revealed a singlet at 41.1 ppm, whereas the a singlet at 23.3 ppm corresponded to (S a )-Binap-AuCl complex according to the literature. The dimeric complex is assumed to be a non-reactive complex but, in our case, the existence of the dipole would induce a reorganization of 2. For this study, the strongly coordinating thiazole-derived iminoester was selected. In the case of ESI-MS experiments peaks at 819, 819.2 and 819.6 were observed on elution with a mixture of acetonitrile and water, demonstrating the existence of such a dimeric complex. However, apart from the already described M + at 819, a very intense one was observed at 1053, which was possibly originated by the formation of the cluster 17 involving two molecules of the corresponding dipole. Efforts to obtain crystals from the mixture of equimolar amounts of chiral complex and the dipole derived from thiazole in dichloromethane resulted unfruitful. This analysis also revealed the existence (in less proportion) of fragments and peaks originated by the analogous complex 18 coordinated just with one equivalent of the iminoester (M + 966.4).
We observed a strong positive NLE (Figure 1 ) when the reaction of iminoester 3a was allowed to react with NMM employing different enantiomeric purity of the catalytic chiral complex 2 (X = TFA). This behavior can be justified by a generation of a reservoir of unproductive non-chiral heterodimer complex, [13] increasing the concentration of the chiral catalytic active species in solution. Next, we performed DFT calculations to shed light on the origins of the great stereocontrol obtained in these (S a )-Binap Au(I) catalyzed 1,3-DC reactions. In a previous work, we demonstrated that the stereoselectivity obtained employing chiral ligandmetallated azomethine ylide in 1,3-DC is a consequence of the blockage of one of the ylide stereogenic faces by the chiral ligand. [14] We calculated the geometries of the most stable (S a )-Binap silver(I) or gold(I) ylide I reactive complexes ( Figure 2 ). As expected, in the case of the silver complex ( Figure 2A ) the metallic centre adopts a tetrahedral environment. This Ag(I) is surrounded by both phosphorous atoms of the ligand and by the nitrogen and oxygen atoms of the ylide (Figure 2A ). Due to this coordination pattern, the distance between the chiral ligand and the prochiral faces is short enough to induce a proper stereoselectivity allowing the attack of the dipolarophile only by the (2Si,5Re) face of the ylide. This is in good agreement with the experimental evidence of the major formation of the (S, S, S, R) cycloadducts.
[8b]
In the case of monomeric (S a )-Binap-Au-ylide I complex ( Figure 2B ), the gold atom presents a linear coordination and it is surrounded only by one phosphorous atom of the ligand and the nitrogen atom of the ylide. In this case, the carboxy-gold distance is c.a. 0.3 Å larger than the carboxy-silver distance as one may expect from the known low oxophilicity of the gold(I) cation. This geometry makes the two prochiral faces approximately equivalent. Therefore, no significant enantioselection should be expected in the [3+2] reaction.
We also considered the existence of (S a )-Binap-Au dimeric units as the actual catalytic complex ( Figures 2B and 2C ). Under these conditions only two significant conformations are energetically accessible. In [(S a )-Binap-Au] 2 -ylide-I only the (2Si,5Re) face is accessible. By contrast, in [(S a )-Binap-Au] 2 -ylide-I-b the accessible face is the opposite one [named (2Re,5Si)]. However, the difference in energy of the less stable one is enough to assume that only I is present in solution at room temperature. Therefore, the major product corresponds to the (S, S, S, R) cycloadducts. In previous works focused on catalyzed 1,3-DC of azomethine ylides and maleimides we demonstrated the exclusive preference of the reaction for endo-cycloadducts. Therefore, only this approach will be considered in the following study.
The main geometric features and relative energies of the stationary points corresponding to the 1,3-DC of (S)-Binap-Au-ylide dimers are gathered in Figure 3 . As expected from the previous analysis, endo-saddle points corresponding to the reaction of the dipolarophile through the hindered (2Re,5Si) face of ylide [(S a )-BinapAu] 2-I are of much higher energy than the obtained from suprafacial approach through (2Si,5Re) of ylide [(S a )-BinapAu] 2-I-b (see the supporting information for further details). Our calculations also indicate that the reaction presents a concerted but slightly asynchronous transition structure in which the critical distance of the forming C2-C nmm bond is shorter than that associated with formation of the C5-C' nmm bond.
The activation Gibbs free energy barrier associated with the formation of of (S, S, S, R)-II is c.a. 4.5 kcal mol -1 higher than the one associated with the formation of the corresponding enantiomer. If we assume a preequilibrium between both possible reactive ylides, Curtin-Hammet kinetics show that the product ratio should depend on the free Gibbs activation energy difference of both corresponding transition structures. Under this kinetic framework, our calculations predict the major formation of (S, S, S, R)-II with ee 90% c.a. in good agreement with the experimental results. The formation of the major complexed cycloadduct is thermodynamically favored (c.a. 6 kcal mol -1 , Figure 3 ). The catalytic cycle is completed because the final step (3i + (S,S,S,R)-II to release the cycloadduct 5i) is endothermic (3 kcal mol -1 ) and the recovery of the reactive ylide is ensured (Scheme 6). The kinetic constants of the [3+2] cycloaddition process within the framework indicated in Scheme 8 have been calculated employing the Eyring equations and using the previously computed activation free energy barriers. We have analysed the kinetic system employing numerical integration assuming the total recovery of the catalyst and the irreversibility of the process. Within this framework the expected stereochemical outcome of the reaction employing different non-enantiopure catalyst mixtures shown in Figure 1 (vide supra) was surveyed. Our calculations show that the generation of the heterodimer produces less reactive complexes, which avoids the formation of the non-desired homodimer [(R a )-BinapAu] 2-I. Therefore an increase of the ee of the cycloadduct is observed. Our results are in qualitative agreement with the experimental evidences (Figure 1 ).
Conclusion
The enantioselective 1,3-DC of azomethine ylides and electrophilic alkenes has been successfully catalysed by [(S a )-Binap-AuTFA] 2 complex. The results obtained with this catalyst improved the analogous ones described for the reactions carried out in the presence of (S a )-Binap-AgTFA, especially when a hindered component (dipole or dipolarophile) are involved. In some examples, [(S a )-Binap-AuTFA] 2 catalyst, once ligaed to the 1,3-dipole, acted as a bifunctional complex activating the dipolarophile and as an internal base. Even unreactive dipolarohiles under silver catalysis, such as nitrostyrene, were appropriate under the gold(I) catalysis. The origin of the enantioselection was confirmed by DFT calculations, revealing very interesting geometric data of the transition states. Computational studies of the strong positive NLE showed important differences between all of the possible catalytic species demonstrating the existance of very stable and unreactive heterodiemric complexes. Finally, regarding the observed positive NLE, calculations predicted a very close NLE plot with respect to the experimental data. To the best of our knowledge this is the first work in which NLE is analysed using computational tools.
Experimental Section
General. All reactions were carried out in the absence of light. Anhydrous solvents were freshly distilled under an argon atmosphere. Aldehydes were also distilled prior to use for the elaboration of the iminoesters. Melting points were determined with a Reichert Thermovar hot plate apparatus and are uncorrected. Only the structurally most important peaks of the IR spectra (recorded on a Nicolet 510 P-FT and on a Jasco FTIR 4100) are listed.
1 H NMR (300 MHz) and 13 C NMR (75 MHz) spectra were obtained on a Bruker AC-300 using CDCl3 as solvent and TMS as internal standard, unless otherwise stated. Optical rotations were measured on a Perkin Elmer 341 polarimeter. HPLC analyses were performed on a JASCO 2000-series equipped with a chiral column (detailed for each compound in the main text), using mixtures of n-hexane/isopropyl alcohol as mobile phase, at 25 ºC. Low-resolution electron impact (EI) mass spectra were obtained at 70eV on a Shimadzu QP-5000 and high-resolution mass spectra were obtained on a Finnigan VG Platform. HRMS (EI) were recorded on a Finnigan MAT 95S. Microanalyses were performed on a Perkin Elmer 2400 and a Carlo Erba EA1108. Analytical TLC was performed on Schleicher & Schuell F1400/LS silica gel plates and the spots were visualized under UV light (λ=254 nm). For flash chromatography we employed Merck silica gel 60 (0.040-0.063 mm). Complexes 1, and 2 were prepared according to the reported procedure. [12] Silver complex was ready prepared just by mixing equimolar amounts of the Binap chiral ligand and AgTFA. All of the transformations performed with this catalyst were performed in the absence of light.
Hybrid QM/MM calculations for optimizations of saddle points were performed in terms of ONIOMc [15] method implemented in GAUSSIAN09 suite of programs. [16] Ball & stick model in Figure 2 shows atoms included in the high-level layer, and a wire model is used to represent atoms included in the low-level layer. In the high level layer, the electron correlation was partially taken into account by using the hybrid functional B3LYP [17] combined with Hay-Wadt small core effective potential (ECP) [18] basis set. UFF [19] molecular mechanics force field was employed in the low-level layer. This combination has offered excellent results in studies of organocatalytic mechanisms.
[20]
Thermal corrections of Gibbs free energies were computed at the same level of theory and were not scaled. All stationary points were characterized by harmonic analysis. Reactant intermediates and cycloadducts have positive definite Hessian matrices. Transition structures show only one negative eiganvalue in their diagonalysed force constant matrices, and their associated eigenvectors were confirmed to correspond to the motion along the reaction coordinate under consideration.
1,3-Dipolar cycloaddition of iminoesters 3 or 7 and dipolarophiles. General procedure. To a solution of the in situ prepared chiral gold complex or chiral silver complex (0.05 mmol) in toluene (2 mL) was added, at room temperature, a solution of the iminoester (0.5 mmol) and dipolarophile (0.5 mmol) in toluene (2 mL). In some cases DIPEA or triethylamine (0.05 mmol) was added (see, Tables) and the mixture stirred at room temperature for 16-48 h (see, Tables). The reaction was filtered off through a celite pad and the organic filtrate was directly evaporated and the residue was purified by recrystallization or by flash chromatography yielding pure endocycloadducts 5, 8, 10, 15 or 16.
Methyl (1S,3R,3aS,6aR)-5-methyl-3-phenyl-4,6-dioxooctahydropyrrolo[3,4-c]pyrrole-1-carboxylate 5aa.
[ 4-c] pyrrole-1-carboxylate 5ac. [21, 22] 
Methyl (1S,3R,3aS,6aR)-5-methyl-3-(2-naphthyl)-4,6-dioxooctahydropyrrolo[3,4-c]pyrrole-1-carboxylate 5ba.
[8] 
Methyl (1S,3R,3aS,6aR)-5-ethyl-3-(2-naphthyl)-4,6-dioxooctahydropyrrolo[3,4-

Methyl (1S,3R,3aS,6aR)-3-(2-naphthyl)-5-phenyl-4,6-dioxooctahydropyrrolo[3,4-c]pyrrole-1-carboxylate 5bc.
[7f]
Methyl (1S,3R,3aS,6aR)-5-methyl-4,6-dioxo-3-o-tolyloctahydropyrrolo[3,4-c]pyrrole-1-carboxylate 5ca.
[8]
Methyl (1S,3R,3aS,6aR)-3-(2-chlorophenyl)-5-methyl-4,6-dioxooctahydropyrrolo[3,4-c]pyrrole-1-carboxylate 5da.
Methyl (1S,3R,3aS,6aR)-5-methyl-3-(4-methylphenyl)-4,6-dioxooctahydropyrrolo[3,4-c]pyrrole-1-carboxylate 5ea.
Methyl (1S,3R,3aS,6aR)-3-(4-methoxyphenyl)-5-methyl-4,6-dioxooctahydropyrrolo[3,4-c]pyrrole-1-carboxylate 5fa.
Methyl (1S,3R,3aS,6aR)-3-(4-chlorophenyl)-5-methyl-4,6-dioxooctahydropyrrolo[3,4-c]pyrrole-1-carboxylate 5ga.
Methyl (1S,3R,3aS,6aR)-1-benzyl-5-methyl-4,6-dioxo-3-phenyloctahydropyrrolo[3,4-c]pyrrole-1-carboxylate 8aa.
Methyl (2R,3R,4R,5S)-5-phenyl-3,4-bis(phenylsulfonyl)pyrrolidine-2-carboxylate
Methyl (2R,3R,4R,5S)-3,4-bis(phenylsulfonyl)-5-(pyrid-3-yl)pirrolidine-2-carboxylate
Methyl (2S,3R,4S,5R)-4-benzoyl-3,5-diphenylpyrrolidine-2-carboxylate 15a.
[6b] 
Methyl (2S,3R,4S,5R)-4-benzoyl-5-(naphth-2-yl)-3-phenylpyrrolidine-2-carboxylate
2-Methyl (2S,3R,4R,5S)-4-nitro-3,5-diphenyl-2-pyrrolidinocarboxylate 16a.
[7f] ee (%) [c] Yield (%)
[a] [b] ee (%) [d] The reaction was performed exclusively with (Sa)-Binap-AgTFA 6 (10 mol%). Text for Cartesian coordinates (optimized at the ONIOM(B3LYP/LanL2DZ:UFF) level) of all the stationary points discussed in the main text. ----------------------------------------------------------------- ---------------------------------------------------------------- 
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